Si nanostructures fabricated by anodic oxidation with an atomic force
microscope and etching with an electron cyclotron resonance source
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Nanometer-scale Si structures have been fabricated by anodic oxidation with an atomic force
microscopg AFM) and dry etching using an electron cyclotron resondi¢eR) source. The AFM

is used to anodically oxidize a thin surface layer on a H-passivd@ Si surface. This oxide is

used as a mask for etching in a,@lasma generated by the ECR source. An etch selectivit@

was obtained by adding 20%,@ the C}, plasma. The AFM-defined mask withstands a 70 nm deep
etch, and linewidths10 nm have been obtained with a 30 nm etch depthl3®5 American
Institute of Physics.

The scaling of device dimensions down to the nanometethe coupling of microwave power, the ECR source provides
range has created a demand for novel fabrication techniquesdissociation efficiency that is typically more than an order
with increased resolution capabilities. Typically, pattern defi-of magnitude higher than RIE. This high efficiency allows
nition for nanometer scale features is accomplished by higlthe plasma to be maintained at much lower pressure than
energy electron-beam exposure of a polymer resist. Thisith RIE which reduces scattering of reactive species and
technique has limited resolution capabilities typically in thepromotes vertical etch profiles and smooth surface morphol-
range of 20—30 nm. More recently, proximal probes such asgy. The independent control of ion energy by the rf-
the scanning tunneling microscof8TM) and the atomic powered stage and ion flux by the microwave power pro-
force microscop€AFM) have attracted attention as potential vides the flexibility needed to optimize the Si etching with
new tools for nanofabrication because of their demonstratefligh etch selectivity to Si oxide. High etch selectivity is es-
ability to image and manipulate matter at the atomic Iével. pecially important in this work due to the thir-2—4 nm
The challenge for this new technology is to translate thisoxide mass generated by the AFM.
ultimate level of control into actual device fabrication. Using the ECR source, the etch conditions were opti-

One promising approach is based on tip-induced oxidamized to provide high selectivity over the oxide mask, a
tion of a sample surfaéefollowed by pattern transfer via vertical etch profile, and smooth morphology. Si nanostruc-
selective etching.This process has been successful becausgires with~10 nm width and 30 nm depth were etched in a
of the reliability of the exposure process and the robustnessl,/O, plasma. Wider structures with a thicker oxide were
of the surface oxide to certain very selective liquid etchesetched to a depth of 70 nm with no signs of mask degrada-
This oxidation and selective etching process has been used f@n.
fabricate working Si device structur@sncluding a 0.1um The samples for this study were cleaved from a 0.01
gate-length  Si  metal—oxide—semiconductor field effect) cm (100) n-type Si wafer. The samples were prepared for
transistor? In addition, an UHV-based exposure techniqueexposure by cleaning in solvents, exposure to UV ozone, and
has demonstrated true nanometer control of the oxidatiopy passivation in a 10% aqueous HF solution. After passiva-
proces§.Whi|e this UHV process demonstrates the pOtentialtion the Samp]es were mounted in an air-operated AFM. The
resolution of the approach, continued improvement in thexrm tip was a standard N, pyramidal tip which was
size of etched features is going to require directional drycoated with 30 nm of Ti from an electron-beam evaporator.
etching techniques which can improve the limited aspect ra- The oxide patterns were formed by exposing the
tios obtained by liquid etching. H-passivated surface to an AFM tip biased in the range

In this work, an electron cyclotron resonan@CR) o —7 V.7 The exposure rate varied from 1 to L@n/s. High
source is used to etch Si nanostructures which are pattern@/g,na(‘:]es and slow write speeds were used to produce thick
by selective oxidation of a H-passivated Si surface with anand widé oxide patterns. The opposite is true for fine pat-
anodically biased AFM tip. The oxide patterns were etchederns, Since the exposure process is humidity dependent, the
in a Cl, plasma generated by an ECR source. ECR offergmpient atmosphere was maintained~g80% relative hu-
many advantages over conventional reactive ion etchin%idity during exposure.

(RIE). With the combination of magnetic confinement and ¢ plasma etching system with an ECR source and a

rf-powered electrode has been previously describéitro-
3Electronic mail: snow@bloch.nrl.navy.mil wave power at 2.45 GHz is coupled into the ECR cavity by
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FIG. 1. Si and SiQetch rates and Si/Sietch selectivity as a function of  FIG. 2. The effect of @ on Si and SiQ etch rates and on Si/SjCetch
rf power. The samples were etched using 50 W microwave power at kelectivity. The plasma was excited at 50 W microwave power, 40 W rf
mTorr. The C} and G flow rates were 8 and 2 sccm, respectively. power at 1 mTorr and 10 sccm total gas flow.

a tunable input probe. The magnetic field for the ECR exciconcentration or to a surface which is modified by oxygen
tation is provided by 12 permanent magnets, which arepecies when Qs added. On the other hand, the Si etch rate
spaced around a quartz disk. The sample stage is connecté@greased from 290 to 410 nm/min, then decreased to 175
to a 13.56 MHz rf power supply. A self-induced dc bias hm/min over the same range of, Percentage variation. The
voltage V. is developed between the plasma and the stag#itial increase in Si etch rate may be due to enhanced dis-
and can be used to control the ion energy. Chamber pressug@ciation of C} in the presence of ©The decreasing Si etch
is controlled by a throttle valve and a 1506 turbomolecu-  rate at high @ concentration is due to a dilution effectThe
lar pump. The gas flow rate is adjusted by a mass flow conselectivity is thus the highest with 20%,0
troller. Cl, is introduced into the chamber through a gas ring ~ The AFM-defined oxide patterns were etched using the
around the substrate stage, angdi©flowed through a sepa-
rate gas ring at the bottom of the quartz disk. The stagr
position is fixed at 8 cm below the ECR source, and the stag
temperature is set at 25 °C. Optimal etch conditions for pat
tern transfer were obtained by adjusting the rf power to the
stage and the Gto O, ratio. The Si etch rate was measured (@
by surface profilometry, and the Si@ate was measured us-
ing ellipsometry on thermal oxide before and after etching.
Scanning electron microscog$EM) and AFM were used to
determine the depth and profile of the etched Si nanostruc
tures.

In order to provide high selectivity, it is desirable to use
a high density plasma with low ion energy. Since rf power
determinesV. and, thus ion energy, the dependence of the
Si/SiO, selectivity on rf power was investigated. The results
are shown in Fig. 1. The samples were etched with ¢
Cl,/0O, plasma flowed at 8 and 2 sccm, respectively and 5(
W microwave power at 1 mTorr. The Si etch rate increasec
from 71 to 410 nm/min while the oxide etch rate increasec
from 14 to 21 nm/min as the rf power increased from 20 to
40 W. The Si/SiQ selectivity increased initially from 5 to 21 (b)
as rf power increased from 20 to 30 W, then decrease
slightly to 20 at 40 W rf power. The increase in selectivity is
attributed to the relative increase of the Si to S&ch rate
with rf power compared to the SiCetch rate.

In addition to rf power, etch selectivity can also be im- —_
proved by adding @to the Ch plasma®!° The influence of 1 um
O, on the Si and Si@etch rates, as well as the etch selec-
tivity is shown in Fig. 2. The plasma was excited with 50 W FIG. 3. (a) Low and(b) high resolution SEM images of a Si grating formed
microwave power and 40 W rf power at 1 mTorr with 10 by AFM oxidation and chhing with the ECR source. The |InEWIdth’[§0
scom total gas flow. The SiCetch rate decreased from 26 to [ 210 ' e dept s Tom The pater vas eioosed i tas
14 nm/min as @ composition increased from 10% t0 30%. and 30 W rf power at 1 mTorr. The £and G flow rates were 8 and 2 sccm,
The reduced oxide etch rate could be related to a decreasedréspectively.
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timate of the actual linewidth due to the finite size of the
AFM tip. The tip used for this image was a Si ultralever from
Park Scientific Instruments which has a 20 nm tip diameter
and a 3 to laspect ratio. Subtracting 20 nm from the mea-
sured linewidths yields 10 nm or less for the finest liffes.
In conclusion, dry etching of nanometer-scale features in
Si was performed using an AFM-patterned oxide as an etch
mask. The AFM was used to produce oxide patterns 2—4 nm
deep with linewidths down te~10 nm. Etching with the
ECR source provides high selectivity, excellent linewidth
control, vertical profile, and smooth surface morphology.
Features with~10 nm width were etched 30 nm deep by the
) . o optimized conditions for minimum oxide removal. The
FIG. 4. AFM image of dry-etched Si wires of varying linewidth. The etch . . .
depth was 30 nm. The two lines indicated in the figure have AFM-measure&‘lbOVe results Clearly demonstrate that AFM anodic oxidation
linewidths of 25—30 nm and 35-40 nm, respectively. The actual linewidthsand dry etching with an ECR source is an effective means of
are ~20 nm less than these measured values due to the finite size of tfproducing nanometer-scale features in Si. Combining such a
AFM tip. directional etch technique with an UHV exposure pro€ess
should result in true nanometer-scale control of Si process-
d'ng. In addition, STM-patterned Si on GaAs has been used as

Cl,0, plasma generated with 50 W microwave power and 3 o
W rf power at 1 mTorr. Figure @) shows a SEM image of a a method for fabrlicatmg GaAs napostrugtuﬁ‘e‘ﬁhus, tru_e
5 umx 30 um grating which was etched to a depth of 70 nm. nanometer resolution may be attainable in Ill-V semicon-
The image shows that the etch has not penetrated the oxi&iémtors as well.
mask. Measurements on a thermal oxide sample indicate that
4.7 nm of oxide was removed during the etch. The AFM- 'D. M. Eigler and E. K. Schweizer, Natu@4, 524 (1990.
generated oxide is estimated to be in the range of 3—4 nrﬁJ. A. Dagata, J. Schneir, H. H. Harary, C. J. Evans, M. T. Postek, and J.
thick. The fact that the mask has withstood an etch, which3Eégﬁgﬁ&?Ilglp,\r,l]?'sc'a"nﬁ;i%”,zg?]ﬁ(é?%?mcMam Appl. Phys. 1681.749
removes 4.7 nm of thermal oxide, may indicate that the (1903
AFM-generated oxide contains contaminates such as CP. M. Campbell, E. S. Snow, and P. J. McMarr, Solid State Elec8p.
which increase the selectivity. Higher resolution imaging of Sgse’c(ﬁfr?:eA&p'-Tngi' 'l;f]“-ﬁﬁ]elci?se(rlgsn%c . Quate, Appl. Phys. Let
the same gratinffFig. 3b)] indicates vertical sidewalls and a g4 703(1995. gen o APPL RS LEt
smooth surface morphology. 6J. W. Lyding, T.-C. Shen, J. S. Hubacek, J. R. Tucker, and G. C. Abeln,

Much finer wires are easily fabricated by this process.épr;l- ggg\i’ ;ﬁg',‘l“ﬁ"é‘;ﬁgﬁf{l Appl. Phys. L@, 1932(1994
Flgu_re 4 §hOWS an AFM |m<'_ige .Of a set of etched lines with SW. H Juan and S: W: Pang? J. \’/ac?pslci. 1}/ec.hnoll.‘23422 (1994)..
varying width. AFM line profiles indicate an etch depth of 30 oG ¢ 1. zau and H. H. Sawin, J. Electrochem. Stg9, 250 (1992).
nm. These profiles were also used to determine the full?°N. O0zawa, N. Ikegami, Y. Miyakawa, and J. Kanamori, Mater. Res. Soc.
width-at-half-maximum linewidth for the two lines indicated  Symp. Proc236 205(1992. _
in Fig. 4. The width of the narrower of the two lines varies ,,<_I- Sung and S. W. Pang, J. Vac. Sci. Technollh 1206 (1993.
from 25 to 30 nm while the wider line has a measured |ine-13§E§" ”Snni,?,lvngpcﬁ,,umcgﬁ:baeﬁf “;,i‘ff'é '\e,s‘;'ﬁz,f;‘;ﬂﬂﬁw}{’ e

. S. , P. M. , V. , Appl. Phys. 63it.

width of 35—40 nm. This measurement is clearly an overes- 3488(1993.
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